Abstract. The very complicated problem of the solar windinterstellar medium interaction requires a very sophisticated numerical approach. To achieve such a goal first we need to understand very deeply the results obtained up-to-now. In this paper we gather the results from four different MHD models of the heliospheric interfaces. The comparison of the results invokes several questions. These questions should be addressed before we proceed with the next steps in the MHD modeling of the heliospheric interfaces. Is a jet created between the termination shock and the heliopause (Opher et al., 2003 (Opher et al., , 2004 ? What is the physical meaning of the V-shape of termination shock and heliopause Tanaka, 2001, 2004)? Whether a similar looking result is either due to bending of the heliospheric current sheet as in the model by or due to numerical "reconnection" as in the model by Ratkiewicz et al. ( , 2005 ? The purpose of this paper is to open a wider discussion to try to answer these questions.
Introduction
It is well recognized that the problem of the solar wind (SW) -local interstellar medium (LISM) interaction is very complicated. The basis for this interaction is the mutual interaction of the solar wind plasma and the ionized component of the interstellar medium. The gasdynamic treatment of problem gives the heliospheric interfaces: the termination shock (TS), the heliopause (HP), and possibly the bow shock (BS). The region between TS and HP is the heliosheath (HS).
Deep interplanetary missions (Pioneer, Voyager 1 and 2) as well as SOHO, Ulysses and HST provide data on the solar wind, the local interstellar medium, and the heliospheric interfaces. It is widely accepted that Voyager 1 has crossed the termination shock in the solar wind at the distance 94 AU (Stone et al., 2005) , and now is surfing in the heliosheath. The Interstellar Boundary Explorer (IBEX), a new generaCorrespondence to: R. Ratkiewicz (roma@cbk.waw.pl) tion deep space mission with multiple instruments on board, is scheduled to be launched in 2008. It will make the first map of the boundary between the heliosphere and interstellar space. Therefore in the next few years we may have new and powerful tools to investigate the heliospheric boundary. To make proper use of the images of the interstellar boundaries beyond our solar system, we should be prepared to confront our theoretical models with images and data. The models should encompass the interaction of both plasmas in the presence of interplanetary and interstellar magnetic fields, and also galactic cosmic rays (GCR's); interactions of plasmas in different regions of the interface with the LISM neutral component, and all the consequences resulting from these interactions, due to pick-up ions (PUI's), anomalous cosmic rays (ACR's), energetic neutral atoms (ENA's); possible time-dependent phenomena, latitudinal dependence of SW, etc. The problem needs to be solved self-consistently using a 3-D time-dependent multicomponent MHD code that employs an adequate 3-D kinetic model for the neutral atoms distribution. Many different approaches have been done to investigate different aspects of the SW-LISM interaction, but no model is entirely satisfactory.
The most developed gasdynamic model has been worked out by Fahr et al. (2000) . The 2-D model includes the interaction of SW and LISM protons, pick-up ions, neutral hydrogen atoms, anomalous cosmic rays, and galactic cosmic rays within a self-consistent 5-fluid approach. The first attempt to include into numerical models the magnetic fields was made by Fujimoto and Matsuda (1991) . Since then several modelers have made a big effort to model magnetohydrodynamically the heliospheric interfaces including the interstellar magnetic field (ISMF), and/or the interplanetary magnetic field (IPMF), and/or neutral (N) components of LISM (Baranov and Zaitsev, 1995; Washimi and Tanaka, 1996; Pogorelov and Semenov, 1997; Linde et al., 1998; Pogorelov and Matsuda, 1998; Ratkiewicz et al., 1998; McNutt et al., 1999; Washimi and Tanaka, 1999 Opher et al., 2003; Ratkiewicz and McKenzie, 2003; Florinski et al., 2004; McNutt, 2004; Opher et al., 2004; Ratkiewicz and Webb, 2004; Washimi and Tanaka, 2004; Ratkiewicz et al., 2005) . Although none of these models is perfect, each of them gives new information or pays attention to some special aspects of the complicated MHD interaction (with or without the neutral particles), such as asymmetries introduced by interplanetary or interstellar magnetic fields, obliqueness of the bow shock and heliopause, heliospheric currents, especially the heliospheric current sheet (HCS), the role of the neutral particles and the solar cycle, jets, V-shape, bending HCS, numerical "reconnection," and instabilities. As mentioned in Ratkiewicz et al. (2005) the results are, in general, in a good agreement. The heliospheric interfaces obtained from different models look similar. However, they differ in details or in the interpretation of these details. It is thus important to re-assess the physical validity of the different models. In the next section, as examples, four models, called 1:O (Opher), 2:W (Washimi), 3:P (Pogorelov), and 4:R (Ratkiewicz) model, respectively, are described and discussed. Is a jet (model 1:O, Opher et al., 2003 Opher et al., , 2004 created between the termination shock and the heliopause? What is the physical meaning of the V-shape of TS and HP in the model 2:W Tanaka, 2001, 2004) ? Similarly, is there bending of the heliospheric current sheet as in the model 3:P , or numerical "reconnection" as claimed in model 4:R (Ratkiewicz et al., , 2005 ? The purpose of this paper is to initiate a wider discussion on the physical meaning of these phenomena.
Four models

MHD equations and conditions at the boundaries
The set of MHD equations may be written in the form:
where U, Q, and S are column vectors, andF is a flux tensor. U, andF are defined as:
In the 4:R model, the RHS (1) has two source terms: a source term S describing charge exchange with the constant flux of hydrogen atoms, and a source term Q responsible for numerically enforcing ∇ · B = 0. In the 1:O, 2:W, and 3:P models S = 0, since the neutral particles are neglected. Q and S are given by
Here, ρ is the ion mass density, p = 2nk B T is the pressure, n is the ion number density, T and T H (T H = const) are ion and H-atom temperatures, and u and V H (V H = const) are the ion and H-atom velocity vectors, respectively; B is the magnetic field vector, E = , γ is the ratio of specific heats. I is the 3 × 3 identity matrix. The charge exchange collision frequency is ν c = n H σu * , where n H (n H = const) is the H-atom number density, σ is the charge exchange cross-section, and
1/2 is the effective average relative speed of protons and H-atoms, assuming a Maxwellian spread of velocities both for protons and H-atoms. The flows are taken to be adiabatic with γ = 5/3. • -P B φ -V shape 3: P α = 0, 45, 90
• -P HCS bending θ = 0, 60
N-neutrals P-Parker model CF-constant flux α -angle between Vis and Bis θ -deviation angle from ecliptic plane
The set of differential equations to be solved requires conditions at the boundaries. Those at the computational boundaries play a very important role. They are given in Table 1 . We use the same notation as in the original papers by Opher et al. (2004) ; Washimi and Tanaka (2004) ; , and . At this point we want to stress that the comparison of the results of the above models is difficult because of the different boundary conditions used. The main characteristic features for each of the four models are listed in Table 2 .
Model 1: Opher model: IPMF, no ISMF, no N
The main result of this model is a jet. According to Opher et al. (2003 Opher et al. ( , 2004 , "the jet-sheet structure forms in the region of minimum of magnetic pressure. The jet extends for 150 AU beyond the TS, almost touching the BS. There is a back flow swept aside by the jet. Downstream of the shock, where the flow decelerates, conservation of magnetic flux outside of the equatorial plane causes the field to increase its magnitude further, while in the current sheet there is no such effect. As a result, the increased magnetic field above and below the ecliptic planes effectively pinches the sheet just beyond the TS, causing the stream lines in the subsonic regions to converge slightly.... The converging flow lines near the equatorial plane create a de Laval nozzle". According to the authors this explains the formation of the jet. However, they admit that "the jet is unstable". This could be an interesting feature of the boundary between the solar wind and the interstellar medium, but is probably unrealistic. If we agree that there are very important effects of the interstellar magnetic field and neutral particles, studies not taking them into account are questionable. Also we are concerned about the shape of the termination shock shown in Fig. 1a ,b (p. 577 in Opher et al., 2004) . The shape of the TS in these figures does not reflect the Mach disc, especially characteristic for the flow without the neutral particles.
Model 2: Washimi model: IPMF, ISMF, no N
The results obtained by Tanaka (2001, 2004) seem to contradict the above results. In this case both interplanetary and interstellar magnetic fields are present in the model. Where a jet is created in the 1:O model, the Vshape gutter has been obtained in the 2:W model (see Figs. 3 and 4 in Washimi and Tanaka, 2004) . In the process of the solar wind-interstellar plasma interaction the nose-cone type HP (steady-state) for initially No-Sheet Condition is obtained. "After the inner boundary is switched to the Sheet Condition from the No-Sheet Condition ... a neutral sheet is formed not only in the interplanetary space but also in the heliosheath region. At the same time, lower density regions... appear... near the neutral sheet where the intensity of B φ should be strong due to sin θ dependence. These low density regions are found to enlarge with time because the solar wind plasma supply from the inner side is insufficient, and finally these regions in both hemispheres are found to connect with the interstellar medium, which results in the invasion of it at low latitudes. Thus a V-shaped gutter is formed." The authors say that "the reason why such a V-shaped structure was not obtained in previous MHD studies (e.g. Linde et al., 1998; Opher et al., 2003) may be due to different inner boundary conditions." (2004): " Figs. 3a and 3b show the meridional-plane distributions of density logarithm and magnetic field magnitude B tot , respectively, assuming B ∞ ≈ 1.5µG. Clearly, the HCS, as a layer with small B tot experiences substantial bending to the southern hemisphere. This is opposite to its bending direction in the switch-on regime. The HCS exhibits periodic oscillations, as well as causing the bump on the surface of the heliopause." In the paper "a particularly important result is the demonstrated bending (and possible rotation) of the HCS after it crosses the TS. It is important to note that solutions of ideal MHD problems might have little physical meaning. For example, if B ∞ ⊥ V ∞ and B ∞ ⊥ Ox, the solution must be symmetric with respect to the ecliptic plane. In fact, as seen in Fig. 6 , the solution becomes asymmetric and the bending of the HCS acts to prevent reconnection in the lower hemisphere. In principle, numerical viscosity and resistivity do not allow us to perform a very detailed investigation of the HCS. For example, for certain orientations of the ISMF, solutions exhibit unsteadiness. However, the global behavior of HCS is quite well resolved, and its orientation may be useful in providing some information about the LIC." 2.5 Model 4: Ratkiewicz model: IPMF, ISMF, N const.
The interpretation of the phenomenon called the bending HCS is different in Ratkiewicz et al. ( , 2005 . The 4:R model shows the numerical "reconnection" (Linde et al., 1998) rather than bending of the current sheet. The presence of a code-dependent numerical diffusivity is an intrinsic property of numerical MHD codes. Even if the ideal V is with reconnection in x-y, 2nd row: Bis ⊥ V is with no reconnection in x-y, 3rd row the same as 2nd but with reconnection, 4th row: Bis ⊥ V is, x-z plane with no reconnection at northern, and with reconnection at southern hemisphere MHD set of equations is solved, the numerical diffusion of the magnetic field may lead to numerical "reconnection", and changes of the magnetic field topology. The numerical "reconnection" at the heliopause indicates the possibility of new asymmetries of the heliospheric interface besides that caused by the ISMF . However, it does not give the precise reconnection rate and location. Such a study has a meaning for the future investigation of the physical reconnection at the heliopause, and asymmetries caused by it. For this purpose one must solve a set of resistive 3-D MHD equations including the resistive terms involving ηJ (J = ∇ × B and η is resistivity) in the induction and energy equations.
Discussion
In order to understand what is true or false in numerical simulations, consider the set (1) of ideal MHD equations. One should note that the magnetic field in all equations is represented by terms having the dimension B 2 . This remark should be taken into account in numerical calculations of the heliospheric interfaces. Although the interplanetary magnetic field changes polarity across the ecliptic plane, the sign of the magnetic field has no meaning for the terms with the magnetic field in the set (1) of ideal MHD equations. If it would be possible to separate ideally the heliosphere from the interstellar region (which means if the heliopause would be an ideal separatrix), it would mean practically for numerical simulations that the sign should not be changed. Note however, that the global topology of the magnetic field depends on the sign of B.
In all above cited papers, the modelers have changed the polarity in the calculations. We suggest to repeat the calculations without a change the sign for IPMF, however with inclusion of the correct model of the HCS. It would be the first step allowing to avoid the numerical "reconnection" northsouth, which appears in Fig. 1 , the last row (reproduced from Fig. 4 in , and see the behaviour of the HCS.
It is more difficult to avoid numerical "reconnection" at the heliopause. As the example let's refer to cases for two inclination angles α = 0 and 90
• of the ISMF, illustrated in Fig. 1  (1st and 3rd rows) . The presented results are obtained from our model with B is and V is contained in the x-y (ecliptic) plane, the LISM velocity vector in the positive x-direction, and the z-axis parallel to the solar rotation axis. The sign of the interplanetary magnetic field (IPMF is spiraling toward the Sun) is not changed and the HCS is not modelled. Figure 1 (1st and 3rd rows) displays the magnetic field and thermal pressure in the plane parallel to the x-y (ecliptic) plane. For both directions (1st and 3rd rows) of the ISMF, the configuration of both magnetic fields is in favour of the numerical "reconnection". For α = 90
• the perfect symmetry is saved (Fig. 1, the 3rd row) . As the results of our calculations show for decreasing inclination angle the asymmetry caused by numerical "reconnection" increases, and is largest for α = 0
• (compare Fig. 1 , the 1st row). The numerical "reconnection" causes the new asymmetry for α = 0
• . Note that if the IPMF is spiraling from the Sun for the same ISMF inclination angles as above, it does not cause the numerical "reconnection" for quasi-perpendicular magnetic fields (compare Fig. 1 , the 2nd row), but for quasi-parallel magnetic fields always does (as explained in Fig. 2b , reproduced from Fig. 1b in . So, in order to avoid it one should model the interaction of ISMF and IPMF in such a way, to exclude different signs of the magnetic fields on the both sides of the heliopause.
Conclusions
Summarizing: jet or V-shape gutter? Bending HCS or numerical "reconnection" or maybe both? Which process is the one occurring in nature?
In order to answer the above questions, modellers should build numerical codes, which exclude physically unreasonable results. We should use the same boundary conditions. It is very crucial to choose the proper solar wind parameters. Since there are at least two modes of the solar wind flow, the slow and fast wind (Axford and McKenzie, 1997), we pro- pose to use the slow solar wind properties (Table 3a) , which are commonly accepted. For the LISM we propose to use data (Table 3b) given by Frisch (2004) . We propose to calculate in each model two cases: without and, if possible, with the neutral particles (that is why the number density of H-atom is also given in the last column in Table 3 ). Only then we will be able to compare our results.
